A set of in-vessel saddle coils called dynamic resonant magnetic perturbation (DRMP) for generating rotating resonant magnetic perturbations has recently been constructed on the J-TEXT tokamak. The phenomenon of tearing mode locking to DRMP and rotating together with the DRMP field has been observed.
Introduction
Tearing mode is a very common instability in magnetically confined plasma, and how to avoid plasma disruption caused by tearing mode is a key issue in tokamak research and future fusion reactors. Tearing mode leads to the formation of magnetic island, which normally rotates in the toroidal direction. A large tearing island will greatly decrease plasma confinement. More seriously, the island may be locked to the intrinsic error field of the tokamak device and cause major plasma disruption [1] . Therefore, a proper control method should be developed to prevent the magnetic island locking to the error field or even suppress the tearing mode. Externally exerted resonant magnetic perturbation (RMP) can interact with the tearing mode directly and change its behavior. According to the experimental results in the past years, the static resonant magnetic perturbation (RMP) can suppress the tearing mode to a very small level. However, its effectiveness heavily depends on the initial state of the tearing mode, such as mode frequency and island width. In some cases, the static RMP will lead to mode locking [2] [3] [4] [5] [6] . Furthermore, an RMP that is too strong can stimulate a tearing mode even if the initial plasma is tearing stable [7, 8] .
Compared with the static RMP, a rotating RMP is more controllable in terms of frequency and phase of the external field. According to experimental results on ASDEX-U, the tearing mode can be stabilized by a modulated electron cyclotron current drive (ECCD) [9] . If the island is locked to a known rotating RMP, the frequency and position of the island is controllable, and the ECCD stabilization can be more efficient [10] . Moreover, the rotating RMP having a changing frequency could prevent the island from locking to the RMP and suppress the island [11] . Early experiments to study effects of rotating RMP on the tearing mode were conducted on ATC [12] , TO-1 [13] and DITE tokamak [14] . On HBT-EP, the frequency modulation of RMP is found to be helpful for tearing mode stabilization, in which the ion flow damping was found to play an important role [15] . Numerous findings on rotating RMP on TEXTOR in the fields of plasma rotation, tearing mode suppression, edge radial electric field and edge plasma transport are reported over the past several years [16, 17] . In this paper, magnetic island locking to the rotating RMP is also observed on the J-TEXT tokamak, and corresponding numerical simulations are conducted. 2. Rotation driving of the magnetic island by rotating RMP J-TEXT is a circular cross-section tokamak with a major radius R 0 =1.05m and minor radius a =0.265m. On J-TEXT, a set of dynamic resonant magnetic perturbation (DRMP) coils were newly constructed [18, 19] . DRMP consists of 12 saddle coils divided into 4 groups and installed at 4 toroidal equivalent locations, as shown in Figure 1 . To reduce the shielding effect of the vessel wall on the magnetic field, the coils are installed inside the vacuum vessel wall. DRMP is designed operating in a frequency range from 800 Hz to 10 kHz, which covers the typical tearing mode frequencies on J-TEXT. The three coils in the same group are designed at the upside, outside and the downside of the vessel. To produce a large m/n=2/1 (m and n are the poloidal and toroidal mode numbers, respectively) component of the rotating magnetic perturbation, the current directions of the three coils in the same group are always set as "+ − +". In addition, the phases of the current in the four groups are configured leading or lagging 90° successively.
The magnetic field on the edge magnetic surface produced by DRMP is calculated by using the finite element method taking the eddy current in the wall into account. The mode structure is analyzed by applying Fourier transform to the radial part of the magnetic field. During J-TEXT discharges, the directions of plasma current and toroidal field are both counterclockwise in the top view. Therefore, it is necessary for m and n to have the same sign to be resonant with the plasma. The rotating components with the same sign of m and n are shown in Figure 2 , in which the operation frequency is set as 5 kHz, and the four groups of coils are configured in the lagging mode. The components of n= 1, 3, 5, 7 and 9 are much larger compared with those of the others. The edge safety factor of J-TEXT discharge is normally set at approximately 3.5. The high n modes such as n=3, 5, 7 and 9 components cannot be resonant with plasma. Compared with resonant components, the non-resonant components have much smaller effects on the tearing mode, and can be usually neglected in the simplified analysis. Consequently, the component which rotates in the direction of −(2θ+φ), which is expressed as b r21 cos(2θ+φ+ωt), is the main resonant component under the aforementioned coil configuration. The amplitude of the resonant 2/1 component of the field on the edge magnetic surface is approximately 0.45 Gauss per 1 kA current. An existing tearing mode is very likely to be locked to the rotating RMP and then rotates synchronously with the external field. A typical process of mode locking to the DRMP field on J-TEXT is shown in Figure 3 , in which the plasma current, currents of DRMP coils, dB θ /dt, edge plasma rotation, frequency evolution and island width are given. The plasma current and the toroidal field are set as 200 kA and 1.8 T, respectively. The coils of groups 1 and 3 are connected in series and fed with an AC power supply whose current is I DRMP1 , while groups 2 and 4 are fed with another power supply with current I DRMP2 . The phase of I DRMP1 lags I DRMP2 90 degrees, and then the RMP is rotating in the counter plasma current direction. The DRMP operates at 5 kHz and the frequency remains unchanged throughout the discharge. After the DRMP is switched on at 0.25 s, the mode frequency, namely f mirnov , which is calculated by performing time-frequency analysis on dB θ /dt, starts to increase as the island width decreases. The island width is considered proportional to the square root of A mirnov /f mirnov , where A mirnov is the amplitude obtained from the time frequency analysis of dB θ /dt. When the current of DRMP reaches a threshold, approximately 0.6 kA in this shot, the mode frequency jumps abruptly from 4.5 kHz to 5 kHz, which is the same with the operation frequency of the power supply as well as the rotation frequency of the externally exerted RMP. However, the island width recovers quickly to the initial level after being locked. Then the mode frequency remains at 5 kHz until the DRMP current drops to a small level, at which point the island is unlocked from the rotating RMP. Meanwhile, the edge plasma rotation measured by the Doppler shift of the spectrum of C-V radiation, changes toward the counter-current direction. The edge rotation recovers again after the island is unlocked. Other parameters such as electron density, electron temperature and soft X-ray radiation, change little during the locked phase. When the current of the DRMP coil decreases, the island unlocks. There is an apparent decrease of the island width during the locking and unlocking procedure, which was also observed in [15] . It should be noted that the magnetic field of DRMP contributes little to the Mirnov signals because the Mirnov array locates relatively far from the DRMP coils. The evolution of the phase difference between the island and the RMP during the locking procedure is shown in Figure 4 . The 2/1 poloidal magnetic field caused by the RMP or the island can be expressed as b θ cos(2θ+φ+phs). For RMP, phs =ω RMP t. While for the island, phs can be obtained by finding the summit of the integration signal of Mirnov signals at a certain time. From the figure it can be seen that, before locked, the phase difference varies from 0 to 2π, while at about 0.259s, the island is suddenly locked and then rotates together with the RMP. A comparison between two shots with different frequencies and initial islands width is given in Figure 5 . In shot 1027812, the operation frequency of DRMP is set as 5 kHz, while it is 6 kHz in shot 1027817. The initial mode frequency in shot 1027812 is approximately 4 kHz. The island locks to the DRMP field after the DRMP is turned on, whereas in shot 1027817, the island with an initial mode frequency of about 2.5 kHz is not locked. Although the island was not locked to the DRMP field, its frequency has an increase and the island width decreases gradually under the influence of DRMP. Besides, in shot 1027817, the signal of island width after 0.35s becomes meaningless, because the calculation method no longer works in the period when the Mirnov signal has a large distortion. Whether or not the island can be locked to the DRMP field seems to be related to the island width and the frequency difference between the island and the rotation field. In [10] , the island locking threshold to an external static RMP has been studied in detail, and is given as  th μω(V A W/a) -2 , where μ is the plasma viscosity and V A is the Alfven velocity.
When the RMP is rotating, ω stands for the frequency difference between the island and the RMP. In these two shots, the frequency diference are 3.5 kHz and 1 kHz, and the relative initial island widths are 1.8 and 1.25, respectively. According to [10] , the ratio of required perturbation fields will be about 3.5/1×1.25 2 /1.8 2 =1.7, which indicates that it is more difficult for the island in shot 1027817 to be locked. 
Numerical modeling
To understand the different experimental results shown in Figures 3 and 5 , a nonlinear numerical model based on reduced MHD equations was used. In the model low  and large aspect-ratio approximations are utilized. The magnetic field is defined as B = B t e t -B  e  -e t , where  is the helical flux function. The basic equations utilized are Ohm's law and the equation of motion. Normalizing the length to minor radius a, the time t to the resistive time  R = a 2  0 /, the helical flux  to aB t , plasma velocity v to a/ R , and the toroidal plasma current density j to B t /a, these equations become
where d/dt = /t +v  , j = -  2  -2nB t /(mR) is the toroidal plasma current density.  is the normalized plasma resistivity, and E is the equilibrium electric field for maintaining the equilibrium plasma current. The magnetic Reynolds number S =  R / A , where  A = a/V A is the toroidal Alfvé n time. U = -  2  is the plasma vorticity, and  is the plasma viscosity. S m in equation (2) is the poloidal momentum source which leads to an equilibrium plasma rotation. The effect of a single helicity RMP with m/n = 2/1 is taken into account by the boundary condition ψ 2/1 (r = a) = ψ a aB t cos(mθ+nφ+2πf mode t), where ψ a describes the normalized m/n = 2/1 helical magnetic flux amplitude at r = a, θ and φ are the poloidal and toroidal angle, respectively. The radial magnetic field perturbation at r = a is given by b ra = mψ a B t . Eqs. (1) and (2) are solved simultaneously using the initial value code TM1, which has been used for modeling the nonlinear growth and saturation of NTMs [21] , their stabilization by RF current [10] and the effect of RMP on resistive TM [5] .
To compare with experimental results shown in section 2, the input parameters for following calculations are based on J-TEXT experimental parameters. A monotonic profile for safety factor q is taken with q = 2/1 surface located at 0.7a. The electron temperature is about 300eV at the q = 2 surface, and the local electron density is about 1×10 19 m -3 . These parameters lead to magnetic
Reynold number S=6×10 6 and resistive time τ R = 0.2s. Plasma viscosity is assumed to be at the anomalous transport level μ  =0.5 m 2 s -1 . The rotating frequency of 2/1 RMP is 6 kHz, the two initial mode frequencies are 2 kHz (red curve) and 4.5 kHz (blue curve), respectively.
In figure 6 of the numerical results, the time evolutions of the normalized (a) 2/1 RMP amplitude  a , (b) mode frequency f mode and (c) island width w/a are shown. The initial mode frequencies are set as f 0 = 2 kHz and 4.5 kHz, respectively, and the corresponding saturated island width are 0.08a and 0.075a as shown in figure 6 (c). The frequency of the applied rotating RMP is set as 6 kHz, the RMP amplitude linearly increases with time during 0  t  0.2τ R ,  a = 210 -6 aB t at t = 0.2τ R , for t > 0.2τ R , the amplitude keeps constant as shown in figure 6 (a), similar to experimental setup. For lower mode frequency case (f 0 = 2 kHz), the mode frequency is driven from 2 kHz to 3 kHz, and the island width decreases slightly as shown in figure 6 (b). While for higher mode frequency case (f 0 = 4.5 kHz), when the RMP amplitude reaches 1.510 -6 aB t at t = 0.15τ R , mode locking happens and the mode frequency experiences a large jump and then keeps constant of 6 kHz. Before mode locking, the island width decreases obviously, while after mode locking, the island width grows and saturates with w = 0.076a, a little larger compared with the initial width. The results shown in figure 6 approximately agree with experimental results as shown in section 2. Further calculations indicate that the required  a for mode locking is proportional to the plasma viscosity  for large , but its dependence on  is weak for small , consistent with the results in [10] .
Summary and discussion
Magnetic island locking to the external rotating RMP was observed on the J-TEXT tokamak. The island can be driven by the RMP to a higher rotation velocity. The island width is found having an obvious decrease during both the locking and unlocking phase. After locking, the island width recovers to the initial value or reaches a larger level. The numerical results approximately agree with experimental ones. These results together with previous experimental findings [4] [5] [6] suggest that a rotating RMP could be utilized to increase the island rotation frequency for avoiding mode locking to the intrinsic error field of the tokamak. As the external RMP has a strong suppression effect on the island width during the locking procedure, it provides a possible control method of tearing mode if the RMP frequency can be kept to be larger than that of the magnetic island. More detailed research on the interactions between the tearing mode and external RMP, such as behaviors of the island under different plasma parameters and possible feedback control of the tearing mode, will be undertaken in the succeeding works.
